Activation of the CD95 death receptor as well as ionizing radiation induces apoptotic cell death in human lymphoma cells. The activation of caspases is a hallmark of apoptosis induction irrespective of the apoptotic trigger. In contrast to death receptor signaling, the exact mechanisms of radiation-induced caspase activation are not well understood. We provide evidence that both, radiation and CD95 stimulation, induce the rapid activation of caspase-8 and BID followed by apoptosis in Jurkat T-cells. To analyse the relative position of caspase-8 within the apoptotic cascade we studied caspase activation and apoptosis in Jurkat cells overexpressing Bcl-2 or Bcl-x L . Caspase-8 activation, proapoptotic BID cleavage and apoptosis in response to radiation were abrogated in these cells, while the responses to CD95 stimulation were only partially attenuated by overexpression of Bcl-2 family members. In parallel, the breakdown of the mitochondrial transmembrane potential (DC m ) in response to radiation was inhibited by overexpression of Bcl-2/Bcl-x L Jurkat cells genetically de®cient for caspase-8 were found to be completely resistant towards CD95. However, radiationinduced apoptotic responses in caspase-8-negative cells displayed only a modest reduction. We conclude that ionizing radiation activates caspase-8 and BID downstream of mitochondrial damage suggesting that, in contrast to CD95, both events function as executioners rather than initiators of the apoptotic process.
Introduction
The activation of caspases is a hallmark of apoptosis in response to both DNA damage-and death receptorinduced apoptosis. The caspase cascades triggered by death receptor activation have been analysed in detail. In this context, the signaling pathways leading to cell death after CD95 (Fas/APO-1) receptor ligation are paradigmatic for the whole family of death receptors (SchulzeOstho et al., 1998) . Trimerization of CD95 by its cognate ligand CD95-L mediates the recruitment of the FADD adapter molecule to the receptor complex. In turn, procaspase-8 is attracted to the complex and undergoes autoproteolytic activation (Muzio et al., 1996; Medema et al., 1997) . Depending on the cell type, caspase-8 directly activates downstream caspases including caspase-3 and programmed cell death is ®nalized (Stennicke et al., 1998) . However, this model is complicated by the existence of a parallel ampli®cation loop which is required for the rapid execution of the cell death . In cases of low initial caspase-8 activation, the direct eect of caspase-8 on caspase-3 is ampli®ed by a mitochondrial apoptotic pathway. In this scenario, caspase-8 activates the proapoptotic molecule BID by removing its N-terminal domain, which allows the truncated BID to translocate to mitochondria and induce cytochrome c release (Luo et al., 1998; Li et al., 1998) . Cytoplasmic cytochrome c forms a complex with Apaf-1 and dATP which triggers the proteolytic activation of caspase-9 (Li et al., 1997) . Activated caspase-9 in turn activates caspase-3 (Zou et al., 1997) and thus strongly ampli®es the initial apoptotic signal . However, in both systems caspase-8 is the most upstream caspase that is critically required for the induction of apoptosis in response to CD95 stimulation (Juo et al., 1998; Varfolomeev et al., 1998) .
In contrast to the precise knowledge about death receptor-induced caspase activation, little is known about signaling cascades involved in radiation-induced apoptosis. A widely accepted pathway for induction of apoptosis in response to DNA damage requires the activation of p53-controlled signals (Lowe et al., 1993) . The transcriptional activation of Bax seems to be a key element of p53-mediated apoptosis (Miyashita and Reed, 1995) . Bax mediates the breakdown of the mitochondrial membrane potential and subsequent release of cytochrome c Pastorino et al., 1998) , thereby activating the mitochondrial cascade from cytochrome c release, Apaf-1 binding and caspase-9 activation in a Bcl-2/Bclx Lcontrolled pattern (Pan et al., 1998; Hu et al., 1998) .
A key process during Bax-mediated apoptosis is the interaction of Bax with the mitochondrial permeability transition pore complex (PT pore). This complex is mainly composed of the voltage dependent-anion channel (VDAC), the adenine nucleotide transporter (ANT) and cyclophilin D. It was proposed that Bax directly associates with ANT (Marzo et al., 1998a) or VDAC (Narita et al., 1998) and thereby induces opening of the PT pore. This may be followed by alterations of the mitochondrial transmembrane poten-tial (DC m ) and the release of pro-apoptotic molecules including AIF, caspases and cytochrome c (Pastorino et al., 1998; Marzo et al., 1998a,b; Susin et al., 1999) . A currently unresolved question is how far the breakdown of DC m is an`assassin or accomplice' , since under some conditions, for example UV irradiation or death receptor stimulation, DC m loss occurs downstream of caspase activation (Steemans et al., 1998; Bossy-Wetzel et al., 1998) . In addition to unanswered questions regarding the initial steps of radiation-induced apoptosis, the involvement of individual initiator and eector caspases in radiation-induced cell death and their exact order within the apoptotic cascades are not elucidated. Results from caspase-9 knockout mice indicated that lack of caspase-9 renders cells resistant to radiationinduced apoptosis (Kuida et al., 1998; . However, apoptosis was not fully abrogated, but occurred delayed and reduced in cells from those mice.
In previous experiments, we have shown that ionizing radiation induces activation of caspase-8. Although our results and the data of others initially suggested that caspase-8 activation in response to ionizing radiation or cytostatic drugs implied the involvement of death receptor pathways (Friesen et al., 1996; Herr et al., 1997; Fulda et al., 1998; Belka et al., 1998) , it was ®nally shown that caspase-8 activation can occur also independently of death receptors in several cell systems (Ferarri et al., 1998; Wesselborg et al., 1999; Belka et al., 1999a,b) . However, the exact pathways and the role of caspase-8 activation in response to ionizing radiation remained to be elucidated. Several recent observations suggested that caspase-8 activation can also occur downstream of mitochondrial damage. In this context, it was demonstrated that in Apaf-1-de®cient mice the activation of caspase-8 in response to etoposide was abrogated . Furthermore, it was shown that caspase-8 forms a complex with Apaf-1 in vivo which may imply that cytostatic drugs an activate caspase-8 secondarily to mitochondrial damage (Hu et al., 1998; Sun et al., 1999) . We therefore aimed at determining the exact role and function of caspase-8, BID activation and alterations of DC m during radiationinduced apoptosis.
Results

CD95-and radiation-induced apoptosis and caspase activation
Apoptosis induction by ionizing radiation and by stimulation of CD95 with agonistic antibodies was tested by¯ow cytometry and Hoechst staining in Jurkat T-lymphoma cells (Figure 1a ). In parallel, caspase activation was determined by immunoblotting with antibodies directed against the active caspase subunits. Both CD95 stimulation and radiation induced the proteolytic activation of caspase-3 and -8. The cleavage pattern of the individual caspases did not dier between ionizing radiation and CD95 stimulation (Figures 1b and 5a ). However, corresponding to the dierent kinetics of apoptosis, radiation-induced caspase activation occurred later than CD95-induced caspase activation. In response to anti-CD95 initial caspase-8 activation indicated by the appearance of the intermediate p41/43 cleavage products was already detectable after 30 min, whereas ®rst signs of radiationinduced activation were not observed earlier than after 8 h (Figure 1b and data not shown).
Since BID, a member of the Bcl-2 family, was recently identi®ed as a physiological substrate of caspase-8 that is responsible for mitochondrial damage in response to CDD95 stimulation, we tested whether activation of caspase-8 in our cell system was followed by the proteolytic activation of BID. As shown in Figure 1b , CD95 stimulation and irradiation induced proteolysis of BID into the mature p15 BID fragment. Although both treatments induced BID cleavage, CD95 treatment was much more ecient as indicated by the fact that uncleaved BID merely disappeared within 4 ± 6 h after CD95 stimulation (Figures 1b and  5b) .
Effect of Bcl-x L or Bcl-2 on CD95-and radiation-induced apoptosis
In order to determine the relative position of caspase-8 activation in mitochondrial apoptosis pathways, we analysed the eect of Bcl-x L and Bcl-2 overexpression on caspase activation. Bcl-2 family members have been shown to interfere with mitochondria-controlled apoptotic pathways by blocking PT pore opening and the subsequent release of pro-apoptotic molecules (Marzo et al., 1998a,b) . In addition, it was reported that Bcl-2 family members might also act downstream of mitochondria by directly interfering with caspase activation (Hu et al., 1998; Clem et al., 1998) .
To test whether Bcl-2 members interfere with CD95-or radiation-induced mitochondrial apoptotic pathways, we analysed the eect of Bcl-x L and Bcl-2 on the breakdown of the mitochondrial transmembrane potential DC m in response to radiation and CD95 triggering using the mitochondrial potentialsensitive dye TMRE. As a positive control for DC m breakdown, cells were treated with the organocyanide compound CCCP (10 mM for 30 min). Both treatments, CD95 triggering and irradiation with 10 Gy, induced alterations of the mitochondrial potential ( Figure 2 ). In response to both triggers a leftward shift of TMRE¯uorescence indicating mitochondrial depolarization was observed. Interestingly, in response to ionizing radiation a population of cells with an increased TMRE¯uorescence was detected. The breakdown of DC m by ionizing radiation was almost completely abrogated by Bcl-2 and Bcl-x L (Figure 2a) . In contrast to the inhibitory eect on DC m breakdown, no in¯uence of both antiapoptotic molecules on the observed hyperpolarization in irradiated cells was detectable. In contrast to ionizing radiation, overexpression of Bcl-2 and Bcl-x L only delayed the loss of the mitochondrial transmembrane potential in response to CD95 stimulation ( Figure 2b ).
To verify that the breakdown of DC m is a primary result during radiation-induced apoptosis and does not occur secondarily to caspase activation, we tested whether the broad spectrum caspase inhibitor zVADfmk aected the loss of DC m . As shown in Figure 3 , zVAD-fmk (20 mM) had no in¯uence on the DC m breakdown in response to ionizing radiation, although the substance clearly inhibited induction of apoptosis. Together with the results obtained in cells overexpressing Bcl-2 or Bcl-x L , this ®nding indicates that Bcl-2 and Bcl-x L protect cells primarily against radiation-induced alterations of mitochondrial function.
In a second set of experiments we tested the in¯uence of both molecules on apoptosis induction. Apoptosis in response to ionizing radiation was almost completely blocked in cells overexpressing Bcl-2 or Bclx L (Figure 4a ). In contrast, CD95-induced apoptosis after 24 and 48 h remained unchanged ( Figure 4b ). However, comparing the kinetics of CD95-induced apoptosis, the initial apoptotic response during the ®rst 24 h was signi®cantly slower in cells expressing Bcl-2 (not shown) or Bcl-x L ( Figure 4c ) than in vector control cells.
Effect of Bcl-x L or Bcl-2 on CD95-and radiation-induced caspase and BID activation
We next tested the in¯uence of Bcl-2 and Bcl-x L overexpression on the activation of caspase-8, caspase-3 and BID. Caspase-8 and caspase-3 activation in response to CD95 stimulation was found to be attenuated, but not abrogated in cells overexpressing Bcl-2 (Figure 5a ) or Bcl-x L (data not shown). Similarly, BID cleavage after CD95 stimulation was reduced and occurred delayed, but was not fully blocked by overexpression of Bcl-2 ( Figure 5b ). In contrast, activation of caspase-8, caspase-3 and BID in response to ionizing radiation was almost completely suppressed in cells overexpressing either Bcl-2 ( Figure 5 ) or Bcl-x L (data not shown).
Role of caspase-8 for CD95-and radiation-induced cell death
Up to this point our data showed that, in contrast to CD95 stimulation, the pro-apoptotic cleavage of BID in response to ionizing radiation occurred downstream of mitochondrial damage. In the following experiments we tried to determine the role of caspase-8 for radiation-induced apoptosis. The requirement of caspase-8 for CD95-induced apoptosis has been shown recently in Jurkat cells genetically de®cient for caspase-8 as well as in caspase-8 null mice (Juo et al., 1998; Varfolomeev et al., 1999) . To test the degree of caspase-8 involvement in radiation-induced cell death, we used Jurkat cells not expressing caspase-8 and the respective control cells. Whereas no apoptosis occurred in response to CD95 stimulation in cells de®cient in caspase-8, ionizing radiation clearly induced apoptosis in those cells (Figure 6a ). However, comparing the time kinetics of radiation-induced apoptosis in caspase-8 expressing and caspase-8 negative cells, it was obvious In parallel to the determination of apoptosis, we analysed the role of caspase-8 for CD95-and radiation-induced mitochondrial alterations. Recent observations suggested that changes of DC m require caspase activation when death receptors are triggered (Sun et al., 1999) . Since caspase-8 is the most upstream caspase during CD95-induced cell death, we tested in how far CD95 stimulation induces a breakdown of the mitochondrial transmembrane potential in those cells. Treatment of caspase-8-negative Jurkat cells with the agonistic CD95 antibody did not induce any detectable changes in DC m (Figure 6b ). Thus, caspase-8 is crucial for CD95-induced mitochondrial damage. This ®nding is in line with the suggestion that CD95 stimulation requires caspase activity to change mitochondrial function. In contrast, no signi®cant dierences regarding the breakdown of DC m were detectable during radiation-induced apoptosis, when caspase-8 expressing and caspase-8 negative cells were compared ( Figure  6b ).
Our data indicated that activation of caspase-8 is required for CD95-induced mitochondrial alterations, whereas radiation-induced DC m loss occurs independently of caspase-8. Furthermore, our results showed that caspase-8 and BID are located at dierent positions relative to mitochondrial damage. Consequently, we tried to analyse the pathways involved in radiation-induced activation of BID. In a ®rst set of experiments we determined whether caspase-8 is essential for activation of BID in response to ionizing radiation. As shown in Figure 7 , ionizing radiation clearly induced the proteolytic processing of BID in Jurkat cells lacking caspase-8, indicating that caspase-8 is not required for radiation-induced BID activation. Since ionizing radiation also induced apoptosis in caspase-8 negative cells, we tested whether caspase-3 is still activated in those cells. Irradiation with 10 Gy clearly induced activation of caspase-3 (Figure 7a ). In order to determine whether caspase-3 induces the proteolytic activation of BID, DEVD-CHO, an inhibitor more speci®c for caspase-3, was added to caspase-8-negative Jurkat cells prior to irradiation. The addition of DEVD-CHO strongly prevented BID cleavage, indicating that caspase-3 was presumably responsible for radiation-induced activation of BID (Figure 7b ).
Discussion
Our data provide evidence that dierent pathways lead to caspase-8 and BID activation in response to CD95 ligation or ionizing radiation. Whereas caspase-8 and BID cleavage in response to CD95 is only delayed by Bcl-2/Bcl-x L , the activation of both molecules in response to radiation is completely abrogated. Inhibition of mitochondrial apoptosis pathways are major physiological functions of Bcl-2 and Bcl-x L . It was shown that both molecules inhibit the release of proapoptotic molecules from mitochondria (Kluck et al., 1997) , interfere with the formation of Apaf-1/caspase-9 complexes (Hu et al., 1998) and inhibit critical electrophysiological alterations at mitochondrial membranes (Marzo et al., 1998b; van der Heiden et al., 1997 van der Heiden et al., , 1999 . Using the breakdown of the mitochondrial transmembrane potential as a marker for organelle integrity we prove that Bcl-2 and Bcl-x L inhibit radiation-induced mitochondrial alterations. In contrast, breakdown of DC m in response to CD95 activation is only delayed. Thus, caspase-8 activation in response to ionizing radiation occurs secondarily to mitochondrial alterations, whereas activation of caspase-8 as a result of CD95 triggering is mostly independent of mitochondrial damage. These ®ndings strengthen the interpretation that caspase-8 activation is not indicative of CD95 death receptor activation Wesselborg et al., 1999; Belka et al., 1999) . Since caspase-8 activation by CD95 occurs independently of mitochondrial alterations and radiation-induced caspase-8 activation is completely blocked by Bcl-2/Bcl-x L , it is unlikely that the CD95 system plays a critical role for radiationinduced cell death as previously suggested (Friesen et al., 1996; Reap et al., 1997; Kasibhatla et al., 1998) . Thus, a physiological function of the CD95-L synthesis in response to cellular stress is questionable. Expression Other groups have shown that overexpression of either Bcl-2 or Bcl-x L in Jurkat cells leads to a complete inhibition of CD95-induced caspase-8 activation Boesen de Cook et al., 1999) . However, in these studies caspase-8 activation was only analysed at early time points after cell stimulation. Boesen de Cock et al. (1999) for example did not ®nd caspase-8 activation in Bcl-2 expressing Jurkat cells up to 6 h. Scadi et al. (1998) also showed that overexpression of Bcl-2 in Jurkat cells blocked caspase-8 activation within the ®rst 3 h. In contrast, our data reveal that, albeit caspase-8 activation in response to CD95 stimulation is strongly reduced in Bcl-2 or Bclx L -expressing cells 6 ± 8 h after stimulation, it is de®nitively not abrogated. Similarly, apoptosis induction in Bcl-2 expressing Jurkat cells was reported to be signi®cantly lower Boesen de Cock et al., 1999) . However, we show that 24 h after stimulation no dierences in survival exist between Bcl-2, Bcl-x L and control cells, despite a dierent slope of apoptosis induction. This ®nding supports the hypothesis that the mitochondrial pathway is not mandatory for apoptosis induction in response to CD95 triggering, but rather serves as an ampli®cation loop. In addition, the lack of dierences in apoptosis induction between Bcl-2-expressing and Bcl-2-negative cells might be partially due to the caspase-dependent degradation of Bcl-2 which reduces the level of anti-apoptotic Bcl-2 and generates a proapoptotic Bcl-2 cleavage fragment (Kirsch et al., 1999) . In contrast, radiation-induced death and caspase activation is completely abrogated by overexpression of Bcl-2 and Bcl-x L . In this context, mitochondrial damage is critically required for the induction of apoptosis rather than merely acting as an ampli®cation loop.
Caspase-8 is capable of activating all other known caspases in vitro (Srinivasula et al., 1996) . Thus, it can be speculated that caspase-8 is a key molecule for both radiation-and CD95-induced apoptosis. Using caspase-8-negative Jurkat cells we show that caspase-8 is required for CD95-triggered apoptosis. In contrast, lack of caspase-8 only delays radiation-induced apoptosis. Therefore, the assumption that caspases with large prodomains such as caspase-8 automatically act as initiator caspases is not generally valid. Thus, in parallel to the dierent role of mitochondrial pathways for radiation-and CD95-induced apoptosis, CD95 mediated activation of BID in cells overexpressing Bcl-2 can be explained by the lack of the mitochondrial feedback loop which normally increases BID cleavage through caspase-9 mediated caspase-3 activation (Figure 8) .
Using caspase-8 de®cient Jurkat cells we demonstrate that BID activation in response to ionizing radiation occurs independently of caspase-8. Furthermore, DEVD-CHO, a more speci®c inhibitor for caspase-3, abrogated BID cleavage in caspase-8 negative cells. This suggests that both caspase-8 and caspase-3 are capable of BID activation. Since BID activation by ionizing radiation occurs downstream of mitochondrial damage and is mediated probably by both caspase-8 and caspase-3, it is likely that BID does not play a key role for mitochondrial breakdown and acts as an ampli®er rather than as a proximal component in radiation-induced apoptosis. This ®nding is in accordance with recent data showing that radiation-induced breakdown of DC m is not altered in mice lacking BID (Yin et al., 1999) .
Although mitochondrial alterations are detectable in response to almost every stimulus, their role for speci®c apoptotic processes is not clear. Using cells overexpressing Bcl-2 or Bcl-x L we provide evidence that radiation-induced cell death ocurs secondarily to mitochondrial alterations. This interpretation is supported by the observation that caspase and BID activation is abrogated in cells expressing either antiapoptotic molecule. The eectiveness of both proteins to maintain mitochondrial integrity in irradiated cells is proven by the fact that the breakdown of DC m is completely blocked. In contrast, both molecules did not block CD95-induced apoptosis and DC m loss. The delay of CD95-induced caspase-8 activation by Bcl-2 or Bcl-x L points to the presence of mitochondrial ampli®cation pathways for CD95-induced apoptosis as previously suggested Sun et al., 1999; Yin et al., 1999) .
A currently open question is whether the breakdown of DC m is an`assassin or accomplice' , since under some circumstances the breakdown of DC m occurs downstream of caspase activation (Steemans et al., 1998; Bossy-Wetzel et al., 1998) . Similarly, time course analysis of DC m breakdown and cytochrome c release revealed contradictory results. Whereas in some models the breakdown of DC m occurred considerably later than cytochrome c release and caspase activation, others showed that DC m loss and the release of cytochrome c occurred rather simultaneously (Heiskanen et al., 1999) . Our data reveal that ionizing radiation induces a breakdown of DC m independently of caspase activation. The time course of caspase activation and the breakdown of DC m are very similar. This ®nding is in contrast to the observation that ultraviolet irradiation induces alterations of the mitochondrial function secondary to activated caspases. Our ®ndings suggest that the breakdown of DC m in response to ionizing radiation is not secondary to the execution phase of apoptosis and is in accordance with the suggestion that the breakdown of DC m is closely related to the induction of apoptosis (Heiskanen et al., 1999) . In line with observations on apoptosis induction by growth factor deprivation (van der Heiden et al., 1997 (van der Heiden et al., , 1999 , our results show that the breakdown of DC m is abrogated in cells overexpressing Bcl-x L . Thus, anti-apoptotic Bcl-2 family members may be a major part of their antiapoptotic eects on the level of mitochondria rather than on the level of caspases as suggested previously (Hu et al., 1998; Clem et al., 1998) .
The increased uptake of TMRE in response to ionizing radiation indicates that the mitochondrial potential is increased at some point during apoptosis induction. Similarly, an increased uptake of the DC msensitive dye Rhodamine-123 was described after apoptosis induction by growth factor deprivation (van der Heiden et al., 1997) . It is important to note that the increased uptake in our model is detected using the potentiometric dye TMRE, since the use of Rhodamine-123 may be associated with potential artifacts (Metivier et al., 1998) . The observed increase in the uptake of potentiometric dyes re¯ects a mitochondrial hyperpolarization, which would not be expected after opening of the PT pore. Therefore, our ®nding indicates that the opening of the PT pore does not happen during the hyperpolarization phase. Interestingly, in contrast to growth factor deprivation-induced apoptosis, Bcl-2 or Bcl-x L do not interfere with the hyperpolarization, but rather block the breakdown of DC m . This ®nding indicates that the model of an anti-apoptotic action of Bcl-2 via its interference with mitochondrial alterations leading to a stable reduction of DC m (van der Heiden et al., 1999) is not applicable to the protective action of Bcl-2 family proteins during radiation-induced cell death.
The ®nding that dierent pathways lead to apoptosis in response to ionizing radiation or death receptor triggering may be of potential value for the development of new tumor treatment strategies. Overexpression of anti-apoptotic, Bcl-2 like proteins is frequently found in human malignomas leading to apoptosis resistance (Hill et al., 1996) . Additive death receptor stimulation using CD95-L or TRAIL which act independently of mitochondrial pathways may therefore have the potential to increase tumor cell death and to overcome Bcl-2-modulated apoptosis resistance. CD95 stimulation activates caspase-8 directly and triggers via BID cleavage the mitochondrial pathway. Caspase-3 can be activated either directly by caspase-8 or through the mitochondrial pathway by caspase-9. In turn, BID cleavage occurs via caspase-8 directly or in a positive feedback via caspase-3. Blocking of the mitochondrial pathway by Bcl-2 only allows the direct activation of caspase-3 and BID by caspase-8 without the mitochondrial loop resulting in a slower rate of caspase activation, BID cleavage and apoptosis. In contrast, caspase activity induced by ionizing radiation is entirely dependent on mitochondrial alterations, since no caspase activation was detectable in Bcl-2 overexpressing cells Since CD95-L displays high toxicity in murine models (Wanner et al., 1999) , the use of TRAIL which does not exert overt systemic toxicity in mice (Walczak et al., 1999) seems to be more promising.
Materials and methods
Reagents
All biochemicals were from Sigma Chemicals (Deisenhofen, Germany) unless otherwise speci®ed. Hoechst 33342 was purchased from Calbiochem (Bad Soden, Germany) and dissolved in distilled water as a 1.5 mM stock solution. The broad-spectrum caspase inhibitor zVAD-fmk and DEVD-CHO, an inhibitor more speci®c for caspase-3, were purchased from Alexis (GruÈ nberg, Germany) and added at a concentration of 20 mM 1 h prior to cell stimulation.
Cell culture
Jurkat E6 T-lymphoma cells were from ATCC (Bethesda, MD, USA). Cells were grown in RPMI 1640 medium (Gibco Life Technologies, Eggenstein, Germany) and maintained in a humidi®ed incubator at 378C and 5% CO 2 . Jurkat A3 cells and caspase-8-de®cient mutant Jurkat A3 cells were a kind gift from J Blenis (Boston, MA, USA). Bcl-2-overexpressing Jurkat cells and the respective vector control cells were kindly provided by H Walczak (Heidelberg, Germany).
Radiation
Cells were irradiated with 6 MV photons from a linear accelerator (LINAC SL25 Phillips) at a dose rate of 4 Gy/ min at room temperature.
Determination of apoptosis
Apoptosis was quanti®ed after staining of cells with Hoechst 33342 and subsequent¯uorescence microscopy. In brief, 1610 5 cells were centrifuged (1000 r.p.m., 48C 5 min) and transferred into HBS buer. Hoechst 33342 was added to a ®nal concentration of 1 mM and incubated for 60 min at 378C. Cell morphology was then determined by¯uorescence microscopy (Zeiss Axiovert 135, Carl Zeiss, Jena, Germany) using an excitation wavelength ®lter of 380 nm. A total of 250 cells was counted and cells with intense chromatin clumping were considered as apoptotic. Characteristic sections were documented by a video imaging device. Cell death was also quanti®ed by FACS analysis after propidium iodide staining and scatter characteristics employing FACS Calibur¯ow cytometer (Becton Dickinson, Heidelberg, Germany).
Immunoblotting
Cells (1610 6 ) were lysed in a modi®ed lysis buer containing 25 mM HEPES, 0.1% SDS, 0.5% deoxycholate, 1% Triton X-100, 10 mM EDTA, 10 mM NaF and 125 mM NaCl. After removing insoluble material by centrifugation for 30 min at 13 000 r.p.m., 20 mg lysate was separated by SDS ± PAGE. Blotting was performed employing a semidry blotting apparatus (Hoefer Scienti®c, Freiburg, Germany) with 0.8 A/cm 2 for 30 min onto Hybond C membranes (Amersham, Braunschweig, Germany). Equal protein loading was con®rmed by Ponceau S staining (Sigma). Blots were blocked in PBS buer containing 0.05% Tween 20 and 5% bovine serum albumin at 48C overnight. Caspase-8 was detected with a mouse monoclonal antibody directed against the p18 subunit used as a 1 : 10 dilution of the hybridoma supernatant. After repeated washings with PBS/ Tween-20 (0.05%) the membrane was incubated with the secondary antibody (anti-IgG-AP 1 : 10 000, Santa-CruzBiotech, Heidelberg, Germany) in PBS/Tween for 3 h at room temperature and washed three times with PBS/Tween. The detection of antibody binding was performed by enhanced chemoluminescence staining. The anti-BID antibody was a kind gift from J Yuan (Boston, MA, USA) and was used in a dilution of 1 : 3000. A monoclonal antibody against caspase-3 was purchased from Pharmingen (Heidelberg, Germany).
Transfection of Bcl-x L and selection for stable expression
The expression vector for Bcl-x L was a kind gift from CB Thompson (Chicago, IL, USA). Electroporation was performed using a Gene pulser II electroporation device (Biorad, Munich, Germany). In brief, 10 8 Jurkat cells were washed twice with TBS buer pH 7.4 prior to transfection. 25 mg DNA was electroporated with 125 mF and 500 V. Cells were selected with 800 mg/ml G418 (Clontech, Heidelberg, Germany). Expression of the Bcl-x L protein was monitored by immunoblotting using an anti-Bcl-x L antibody obtained from Transduction Laboratories (Heidelberg, Germany). The parental vector pcDNA-3 (Invitrogen, Leek, Netherlands) was used as a transfection control.
Determination of the mitochondrial transmembrane potential
The mitochondrial transmembrane potential (DC m ) was analysed using the DC m -speci®c stain TMRE (Metivier et al., 1998; Heiskanen et al., 1999 ) (Molecular Probes, Mobitech, GoÈ ttingen Germany). Brie¯y, at the indicated time points 10 5 cells were stained in a solution containing 25 nM TMRE for 10 min. Staining was quanti®ed by FL2 and scatter characteristics employing a¯ow cytometer.
